INTRODUCTION
Carbonic anhydrases (CA) are a family of zinc metalloenzymes (EC 4.2.1.1) that catalyze the rapid hydration/dehydration of CO 2 /HCO 3 -. Bicarbonate transport proteins are closely associated functionally with CA and together they eliminate the metabolic waste, CO 2 , from the body. There are 14 mammalian isoforms of CA identified to date, varying in catalytic activity and tissue distribution (2) (3) (4) . CAII, found predominantly in red blood cells, has been shown not only to bind to proteins of the AE family of Cl -/HCO 3 -anion exchange proteins, but also to potentiate their transport activity by formation of a transport metabolon (5) (6) (7) (8) . A metabolon is a complex of proteins involved in a metabolic pathway that allows metabolites to move rapidly from one active site to the next (9, 10) . The physical association of CAII with AE localizes the site of substrate (HCO 3 -) production to the transport site, thus creating a transport metabolon. The CA/AE complex may also accelerate bicarbonate flux in part because of the increased CAII activity found upon interaction with its binding site on AE (11) .
The AE family of proteins is comprised of AE1, AE2, and AE3 (12) (13) (14) (15) . The recently cloned AE4, although termed AE, shares little similarity with the other 6
In this study we found a functional interaction between AE proteins and CAIV.
Expression of CAIV had no effect on the bicarbonate transport rate in cells expressing AE1 and cytosolic CAII, since CAII maximizes the bicarbonate flux under these conditions. It was not possible to use inhibitors to block CAII function since any membrane-permeable CA inhibitor would access both extracellular CAIV and intracellular CAII. Thus we used a dominant-negative form of CAII to selectively neutralize the stimulatory effect of cytosolic CAII on AE transport activity and thereby examine the role of CAIV in AE-mediated bicarbonate transport activity. We found that like CAII, CAIV also accelerates AE-mediated bicarbonate transport activity. On the basis of co-migration on sucrose gradients, overlay assays and GST pull-down assays we conclude that there is a physical association between extracellular CAIV and the integral membrane transport protein, AE1. The interaction occurs on the fourth extracellular loop of AE1. Taken together, CAIV and AE functionally and physically interact to form the extracellular component of a bicarbonate transport metabolon, which potentiates AE-mediated bicarbonate transport. Molecular biology -An expression construct for the rabbit CAIV protein was received as a generous gift from George Schwartz (35) and Carol Fierke provided the V143Y CAII cDNA (38). Expression constructs for AE and CA proteins have been described previously (8, (39) (40) (41) . Plasmid DNA for transfections was prepared using Qiagen columns (Qiagen Inc., Mississauga, Canada).
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MATERIALS AND METHODS
Materials
Protein Expression -AE and CA proteins were expressed by transient transfection of HEK293 cells (42) , using the calcium phosphate method (43 were constructed. Using rat AE1 as a template, the forward and reverse primers 5'-CGCGGATCCTGATTTTCCAGGACTACCCGCTAC-3' and 5'-CGCGGATCCTCAGGGCACGGGGCCCTGAGGTTT-3' respectively, introduced a BamH1 site at both ends of the amplified third loop. The PCR product was digested with BamH1 and ligated into the pGEX-5X-P expression vector (Pharmacia Biotech) digested in the same way to produce the construct GST-AE1EC3. The forward and reverse primers 5'-CGCGGATCCTGACCTACACGCAGAAACTCTCG-3' and 5'-CGCGGATCCTCACTTGGGGAAATGGTTATACAG-3' respectively, were used in the same manner to produce the fourth extracellular loop product (GST-AE1EC4). The constructs, GST-AE1EC3 and GST-AE1EC4, were verified by sequencing with a Beckman Instruments CEQ2000 DNA sequencer and plasmid DNA was purified using
Qiagen columns. The GST-AE1EC constructs were transformed into E. coli BL21 and a single colony used to inoculate 50 ml LB media. Following overnight growth at 37 o C with shaking, this culture was used to inoculate 1.2 liters LB media (5 ml/200 ml). The culture was grown at 37 o C with shaking until the A 600 was 0.6-1.0.
Isopropylthiogalactoside (1 mM final) was added and growth allowed to continue for 2-6 hours. The culture was then centrifuged at 10,000 x g, 10 min and bacterial pellets resuspended in cold PBS (140 mM NaCl, 3 mM KCl, 6.5 mM Na 2 HPO 4 , 1.5 mM KH 2 PO 4 )
containing protease inhibitors (complete mini protease inhibitor cocktail, Roche Applied Science). Suspended cells were disrupted by sonication (4 x 1 min) and inoculated with Triton X-100 to a final concentration of 1% (v/v) with slow stirring for 30 min. Following centrifugation (15,000 x g, 10 min) the supernatant was transferred to glutathione Sepharose 4B (50% slurry equilibrated with PBS, Pharmacia Biotech) and allowed to incubate at room temperature with gentle agitation for 1-2 hours. The sample was centrifuged (500 x g, 5 min) and the pellet washed three times with PBS.
The fusion proteins were eluted with glutathione buffer (10 mM reduced glutathione in 50 mM Tris-HCl, pH 8.0).
Immunodetection -HEK293 cells, grown in 60 mm tissue culture dishes, were transiently transfected with a construct, pJRC9 (39), to induce expression of AE1 anion exchange protein, as described above. Cells were also co-transfected with either pJRC36 or pDS14 (8) to induce expression of human wild-type and mutant CAII, respectively and also with a construct to express rabbit CAIV (35). Plasmids pBSL103 (40) and pJRC31 (41) encoded mouse AE2 and rat AE3cardiac, respectively. Two days post-transfection, cells Anion exchange activity assay -Anion exchange activity was monitored using a fluorescence assay described previously (41 (48) , where as determined previously β total = 57.5 mM (41) . In all cases the transport activity of sham transfected cells was subtracted from the total rate to ensure that these rates consist only of AE transport activity.
Sucrose Density Ultracentrifugation -HEK293 cells were transfected as described previously with cDNA encoding either AE1 or CAIV or co-transfected with both cDNAs. The method used to isolate glysosphingolipid enriched lipid rafts was a modified version of the Brown and Rose protocol (49) . Two days post-transfection cells were incubated on ice in 2 ml extraction buffer (140 mM NaCl, 1% (v/v) Triton X-100, 25 mM HEPES, pH 7.5) with the protease inhibitors described above) for 10 minutes.
Samples were treated with 10 strokes in a Dounce homogenizer and centrifuged at 1,000
x g for 5 min. Then samples were made up to 4% sucrose by addition of an equal volume of 8% sucrose in extraction buffer without Triton X-100 and overlaid on 8 ml 5- polyacrylamide gels, transferred to a PVDF membrane and probed for CAIV as described above. CAII fully rescued transport activity of AE1, restoring the bicarbonate transport rate to the same level as cells expressing AE1 and wild-type CAII alone (Fig. 2) . The CAIVinduced rescue of AE1 transport activity indicates a functional interaction between AE1
RESULTS
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and CAIV. This result implies that the AE1 bicarbonate transport rate can be maximized by an interaction with either CAII or CAIV. To determine whether the rescue of AE1 transport activity by CAIV was dependent on CAIV catalytic activity, we compared the transport activity of cells expressing AE1, V143Y CAII and CAIV before and after incubation with the CA inhibitor acetazolamide (Fig. 2) . Acetazolamide is a membrane-permeant inhibitor of both CAII and CAIV that has no direct effect on anion exchange activity (50, 51) . The presence of 100 µM acetazolamide abolished the CAIV-induced rescue of AE1 transport activity (50 ± 1% inhibition) (Fig. 2D ). This indicates that the rescue of AE1 transport activity by CAIV was dependent on the catalytic activity of CAIV. The co-expression of V143Y CAII also reduced transport activity of AE2 and AE3 (49 ± 10% and 35 ± 1% inhibition respectively) (Fig. 3) . Figure 3 also demonstrates that co-expression of CAIV with V143Y CAII rescued AE2 and AE3 transport activity to full capacity (85 ± 5% and 108 ± 1% respectively), which indicates a functional interaction with CAIV. GST pull-down assays of AE1 extracellular loops -To localize the site of AE1 interaction with CAIV, we reasoned that GPI-anchored CAIV must interact with the extracellular portion of AE1. The most likely candidates for a CAIV binding site are the largest extracellular loops of AE1, EC3 and EC4 (Fig. 6) . GST fusion proteins of the third and fourth extracellular loops of AE1 were used in a GST pull-down assay. GST alone, GST-AE1EC3 and GST-AE1EC4 were immobilized on glutathione Sepharose resin and cell lysates of either sham-transfected or CAIV-transfected cells were applied. After washing, proteins were eluted in SDS-PAGE sample buffer resolved on 8% polyacrylamide gels by SDS-PAGE electrophoresis, transferred to PVDF membranes and probed for CAIV. In figure 7 bands were evident only in samples incubated with CAIV-containing lysates. Thus all bands observed result from CAIV, either full length or possibly shorter proteolytic fragments. GST alone pulled down a small amount of CAIV, as did GST-AE1EC3 (Fig. 7) . Clearly GST-AE1EC4 brought down the most CAIV (Fig. 7) . Indeed, densitometry revealed that GST-AE1EC4 pulled down approximately ten fold more CAIV than did GST alone or GST-AE1EC3. This demonstrates that CAIV binds specifically to the fourth extracellular loop of AE1.
Sucrose Density Centrifugation
DISCUSSION
The data presented here show that the expression of CAIV accelerates the rate of bicarbonate transport by AE1, AE2 and AE3. HEK293 cells endogenously express CAII at a level that is sufficient to maximize the bicarbonate transport activity of the AE family (8) . The effect of CAIV on AE transport was found only in the presence of V143Y CAII, which displaces endogenous CAII from its binding site in AE, greatly reducing the anion transport rate (8) . While bicarbonate transport by AE1, AE2 and AE3 was inhibited by 35-53% by V143Y CAII, the loss of activity was fully rescued by expression of CAIV. The rescue of AE activity by CAIV was blocked by acetazolamide, a CA inhibitor, indicating that the catalytic activity of CAIV was responsible for the rescue of AE mediated bicarbonate transport activity.
Carbonic anhydrases and bicarbonate transport proteins are together responsible for bicarbonate metabolism and transmembrane transport. Previous studies showed that these proteins form a complex (5-7,52,53) and we have recently provided evidence that the physical interaction between the AE family of bicarbonate transport proteins and CAII is necessary for maximal HCO 3 -transport activity (8) . The wide tissue distribution of CA isoforms raises the question of the possibility of the formation of a complex between bicarbonate transport proteins and other CA isoforms. In the present report we examined the relationship between the extracellular CA isoform, CAIV, and plasma membrane chloride/bicarbonate exchange proteins.
Three lines of evidence indicate that CAIV and anion exchangers form a physical complex. CAIV is localized to lipid rafts in the membrane (49) . Lipid rafts are areas rich in sphingolipids and cholesterol and are known to remain intact upon cell solubilization in cold Triton X-100 (49) . We compared the sedimentation of CAIV in sucrose gradients in the absence and presence of AE1. In the presence of AE1, the sedimentation of CAIV shifted from the less dense fractions, where it is found when expressed alone, and to the denser fractions where AE1 was localized. This result suggests that AE1 and CAIV physically interact and that AE1 pulls CAIV out of lipid rafts. In a second approach, AE1, AE2 and AE3 expressed in HEK293 cells were able to interact with CAIV from cell lysates of HEK293 cells expressing CAIV in gel overlay assays.
The third and most definitive evidence of a CAIV:AE interaction came from GST pull-down assays. As CAIV is linked to the extracellular surface of the cell we reasoned that the AE:CAIV interaction occurred at one of the larger extracellular loops of AE1.
We investigated the extracellular loops between transmembrane segments 5 and 6 were applied to immobilized GST-AE1EC4 (Fig. 6 ). This suggests that CAIV binds specifically to the fourth extracellular loop of AE1.
(EC3) and TM 7 and 8 (EC4). GST fusion proteins of the individual loops (GST-
On the basis of these three lines of evidence we conclude that CAIV forms a complex with AE1, AE2 and AE3. The simplest explanation for our observation is that CAIV directly interacts with AE1, AE2 and AE3. We cannot rule out the possibility that another protein is required to mediate the AE:CAIV interaction. However, the requirement of an intermediary protein is highly unlikely since CAII interacts directly with AE1-AE3 (8) (56) , which are found in EC4 (Fig. 6 ). The Wright antigen is formed by a complex between the highly glycosylated single transmembrane protein glycophorin A, and AE1 (55). Thus there is precedent for an interaction between EC4 and the extracellular moiety of an erythrocyte protein.
A study of the AE1 region from the glycosylation site at N642 (Fig. 6 ) through transmembrane segment 8 suggested that the region S643-L655 had a folded structure that was inaccessible to hydrophilic reagents, while the region R656-I661 had an open structure with maximum accessibility at R656 (46) . Taken together we propose that CAIV interacts with AE1 somewhere in the R656-I661 region. Interestingly this region has been suggested to form the outer vestibule that funnels anions to and from the transport site (46) . Localization of CAIV to EC4 would therefore place the enzyme as close as possible to the extracellular aspect of the anion transport site.
The structure of AE2 and AE3 differs from AE1 in that AE2 and AE3 are glycosylated on EC3 rather than EC4 and EC3 is larger than EC4 in AE2 and AE3 (57).
It is therefore not clear whether AE2 and AE3 interact with CAIV in the homologous loop region or not. Nevertheless the CAIV-mediated rescue of AE2 and AE3 bicarbonate transport activity in the presence of V143Y CAII indicates a functional interaction between CAIV and AE2 and AE3, which is also likely paralleled by a physical interaction.
We have previously characterized the first example of a transport metabolon by defining the importance of the physical and functional interaction between AEs and CAII (8) . The present study provides evidence that the extracellular-anchored enzyme CAIV is the extracellular component of the bicarbonate transport metabolon. The presence of intracellular CAII and extracellular CAIV catalytic activity in the cell and the fact that both enzymes can potentiate the bicarbonate transport activity of AE1
provides the cell with a "push-pull" mechanism for bicarbonate transport (figure 8).
CA-mediated production of HCO 3 -on the one side of the membrane will provide "push" for transport by AE and CA-mediated conversion to CO 2 on the other side provides "pull", by minimization of the ] at the trans transport side. This pushpull mechanism, established by having CA catalytic activity on both sides of the plasma membrane, accelerates AE-mediated bicarbonate transport as shown in this study.
Although the heart does not express any cytosolic CA, it expresses two extracellular CA isoforms, one of which is known to be CAIV (22). The heart also expresses AE1, AE2 and AE3 (19,58,59), which were all shown to require interaction with CAII for maximal transport activity to be achieved (8) . Our results show that extracellular CAIV can functionally replace CAII. Thus, despite the absence of CAII in cardiomyocytes, these bicarbonate transporters would be expected to be able to function at their maximum rate.
The kidney expresses an N-terminally truncated variant of AE1 (kAE1).
Although it is generally agreed that kAE1 localizes to the basolateral surface of α-intercalated cells (60) , there is also one report that kAE1 is found at the apical surface of β-intercalated cells (61) . AE2 is found in the basolateral surface of many portions of the kidney (62) . CAIV has been reported to be in both apical and basolateral surfaces of proximal tubule (35,63) and basolateral surface of thick ascending limb (64), but others report that CAIV is only found apically in the kidney (65) . Therefore, AE1 and AE2 colocalize with CAIV in some renal cells.
CAII deficiency is an autosomal recessive condition characterized by renal tubular acidosis and osteopetrosis (66) . Despite gross abnormalities associated with the absence of CAII, CA activity in erythrocytes is adequate and patients have sufficient 
